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Abstract
Studentshave trouble understandingthe differencebetweenlazy
andstrict programming.It is dif�cult to comparethe two directly,
becausepopularstrict languagesandpopularlazy languagesdiffer
in their syntax,in their type systems,andin otherwaysunrelated
to thelazy/strictevaluationdiscipline.

While teachingprogramminglanguagescourses,we have dis-
covered that an extensionto PLT Schemeallows the systemto
accommodateboth lazy andstrict evaluationin the samesystem.
Moreover, theextensionis simpleandtransparent.Finally, thesim-
plenatureof theextensionmeansthattheresultingsystemprovides
a rich environmentfor bothlazy andstrict programswithout mod-
i�cation.

Categoriesand SubjectDescriptors D.3.m [ProgrammingLan-
guages]: Miscellaneous

GeneralTerms Languages

Keywords Lazy and EagerEvaluation,TeachingProgramming
Languages,PLT Scheme

1. Intr oduction
Computerscienceprofessorsall over theworld recognizethesig-
ni�cance of the de�nitional interpreterasa centraltool in the un-
derstandingof programminglanguages.In this approach,students
understandthe similaritiesanddifferencesbetweenprogramming
languagesby writing interpretersfor theselanguages.Thesein-
terpretersare structurally similar to formal speci�cationsof the
languagesthey de�ne (the de�ned languages).As the coursepro-
gresses,thestudentslearnaboutnew programminglanguagecon-
structsby addingcorrespondingrules to their interpreters.Since
eachinterpreteris anextensionof theprior one,they aretypically
all written in thesamede�ning language.

This approachis naturaland informative, and it is adoptedin
one form or anotherby many modernprogramminglanguages
textbooks[1, 8, 11]. In fact,thisapproachfollowsdirectly from the
maximthat “the bestway to learnis to teach”andtheobservation
thatwriting a programis exactly this: theprogrammermustteach
the computerhow to performthe given task,in the mostdetailed
andpedanticfashionimaginable.
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Thenotionof a de�nitional interpreteris anold one.Reynolds
[12] providesa synopsisof earlierwork and is the startingpoint
for muchof thelaterwork. In thispaper, Reynoldsclassi�esde�ni-
tional interpretersbasedon two key featuresof the de�ning lan-
guage:whetherthey permit higher-order functions,and whether
they arecall-by-valueor call-by-name.

Thisclassi�cationaddsasecondaxisto thespaceof de�nitional
interpreters.Along with the featureswe areaddingto the de�ned
language,we mustalsoconsiderthesetof featuresin thede�ning
language.Do wewish to changethem,aswell?

At �rst glance,theansweris “no”. After all, we have observed
alreadythatextendinganinterpreteris possibleonly whenthenew
and old interpretersare written in the samelanguage.Changing
the de�ning languagecould force studentsto re-implementtheir
interpretersandneedlesslydisorientthem.

Turning again to the questionof how studentslearn,however,
we seethat while they gain experiencein specifyingthe de�ned
language,their experiencein developing programslies only in
the de�ning language.Indeed,studentsmay graduatefrom such
acoursewithouthaving writtenmorethanafew two-lineprograms
in eachof the languagesde�ned. That is, the only programsthey
write arethetestcasesfor their interpreters.

The clearestexampleof this problemis in the differencebe-
tweenstrict andlazy languages.In a strict language,argumentsto
a function arereducedto valuesbeforecalling the function. In a
lazy language,however, argumentsto afunctionareevaluatedonly
whenthey areneeded.So,for instance,a functionwhich doesnot
useits �rst argumentwill not causethatargumentto beevaluated.
This changeis suf�ciently fundamentalthat moststudentsunder-
standlazinessonly afterwriting many programsin alazylanguage.
Merely altering an existing interpreterto de�ne a lazy language
maynot beenoughto internalizethedifferencebetweenstrict and
lazy languages.

Someprogrammingtexts addressthis throughwhat they call
“horizonal” integration, rather than the “vertical” integration of
extendinga singleinterpreterwith differentfeatures.Speci�cally,
they supplementtheirde�nitional interpreterswith smallprogram-
ming assignmentsin a languagethatcontainsthedesiredfeatures.
So,for instance,thestudentsmight practicewriting programsin a
lazy languagesuchasHaskell beforemodifying their interpreters
to behave lazily. The problemwith this approachis that the key
difference—laziness—isburied in an avalancheof other differ-
ences.Changesin syntaxandchangesin typesystemsprove to be
very large obstacles,particularly for beginning programmers.In-
stead,we would like a languagethat can behave either lazily or
strictly without changesto any otherpart of the system.That is,
lazinessshouldbeorthogonalto otherfeaturesof thelanguage.

Wehavediscoveredthatthis is possible,usingthePLT Scheme
framework. By changingthe “languagelevel” to onethatwe pro-
vide, studentsmay evaluatethe sameexpressionsin a strict lan-



guageor in thecorrespondinglazy one.No changeswhatsoever to
theprogramtext arerequired.

A combinationof featuresmakes this orthogonalswitch pos-
sible. Scheme's syntaxsystem[10] provides the tools neededto
extendandalter the language,andPLT Scheme's modulesystem
providestheabstractionneededto make this changelocal, so that
codewritten in thestrict languageis still evaluatedeagerly.

A key advantageto this architectureis that PLT Scheme's ex-
isting facilitiesareavailableto bothstrict andlazy languages.This
includesa rich setof libraries,anda varietyof programtools, in-
cluding a syntaxchecker, a coveragetester, and an error-tracing
facility, amongothers[5, 3].

This paperhasthreemoresections.In section2, we show how
theissueof lazinessarisesin aprogramminglanguagescourse,how
ourlazylanguage�ts into thecurriculum,andhow theexistingpro-
grammingtoolswork withoutmodi�cation onthenew language.In
section3,weshow how thePLT schemeenvironmentmakesit pos-
sibleto addlazinessin ahigh-level way. Section4 concludes.

2. Lazinessin Action
To illustrateour extension,we considera concreteexampleof its
use.What follows is drawn from lecturesgiven in Northeastern's
ProgrammingLanguagescourse1. ThecourseusesKrishnamurthi's
textbook “ProgrammingLanguages:Application and Interpreta-
tion” [11]. In thisapproach,eachnew conceptis

� introducedandanalyzedin class,

� demonstratedin Scheme(thede�ning language),

� implementedas an extensionof the de�ned language's inter-
preter,

� exercisedat the de�ning level (usage)and the de�ned level
(implementation).

Throughoutthecourse,thestudentsdevelopaseriesof interpreters
whosecomplexity graduallyincreases.

Figure1 shows thede�nition andtheimplementationof a sim-
ple language2 thatis demonstratedin theearlystagesof thecourse.
Sincethestudentshaveexperienceonly with eagerlanguages,they
readthis interpreterasthede�nition of aneagerlanguage,andthey
translatethisbelief to theformalde�nition aswell.

Thisprovidesanaturalentryfor adiscussionof lazyevaluation,
andto explain that the evaluationrulesfor `with ' andfor `call '
canbe modi�ed to operatein a lazy way,3 which will changethe
de�ned languageto a lazyone:

eval(f with f x E1g E2g) ! eval(E2 [E1=x])
eval(f callg E1 E1) ! eval(E f [E2=x]) if . . .

However, going back to the (apparently)eagerversion that was
de�ned andimplemented,we cansee(asnotedby Reynolds)that
thede�ned languageis eageronly becauseourde�ning languageis
eager, andthat in fact theformal de�nition is non-deterministicin
this regard.Studentshave dif�culty understandingthis possibility,
andassumethat the de�nition given could only be that of a strict
language.4

One possibleapproachis to make a quick detour and intro-
duceHaskell [9] — a languagethat is considerablydifferentfrom
Schemein bothsyntaxandsemantics.As mentionedabove,webe-

1 CSU660,http://www.ccs.neu.edu/course/csu660/
2 This is Krishnamurthi's `FWAE' language.Curly bracesareusedin de-
�ned languagesto avoid confusingthemwith thede�ning language.
3 A little laterin thecoursewediscussnamecapturing.
4 Weimaginethatstudentslearningin Haskell wouldbesimilarly impaired,
althoughin theotherdirection.

lievethatthisapproachputsanadditionalburdenonstudents,since
Haskell differ from Schemeon many fronts on top of its choice
of evaluationorder. For a crowd of strongerstudents,this might
work, but webelieve thatfor theaveragestudent,thesimultaneous
changesmaybedistracting.

2.1 Our Solution: A Lazy Scheme

Beforesettlingon a solution,we consideredanddiscardedseveral
alternativeapproaches,includingthefollowing:

� Implementan interpreterwhich studentsuseas their de�ning
language.This leadsto a heavy performancehit, making it
impossiblefor studentsto runanythingmorethantoy programs
in their interpreter.

� Have the studentsimplementa lazy language,and then as-
signexercisesto beimplementedin theirde�ned language.The
main problemhereis that studentsconsidertheir de�ned lan-
guageasa toy, so they will dismisssuchexercisesasno more
than mereacademicillustrations,and by associationdismiss
lazyevaluationassuch.

� Avoid introducing a lazy language,and insteaddemonstrate
somerestrictedlazinessin thede�ning language.For example,
useScheme's`delay ' and`force ' to demonstratesomedegree
of laziness.While practical,the explicit natureof the abstrac-
tion preventsa deepunderstandingof the differencesbetween
lazyandeagerevaluation.

We believe that actualprogrammingexperienceis crucial for in-
ternalizinglazy programming.Switching languagesmakes it less
accessible,andtheabove approachesavoid makingstudentsexpe-
riencelazyprogramming�rst-hand.

In short,we needa practicalimplementationof a lazy variant
of Scheme,which shouldbe implementedasan extensionof our
existing language.As we shall seein the following section,there
areseveral featuresthatareuniqueto PLT Schemewhich make it
possibleto de�ne a “new language”with differentsemantics,yet
have it be a well-behaved part of the samesystem.This means
that we get the environment support of DrScheme,as well as
functionality thatexists in many librariesthatareincludedin PLT
Scheme.Thelazylanguageis implementedasamodule,soexisting
codethatdoesnotusethismoduleis notaffected.It is alsopossible
to usestandardcodefrom a lazy programand vice versa,under
certain conditions— proceduresfrom normal Schememodules
aretreatedasstrict primitives in lazy code,andvaluesfrom lazy
modulescancontaindelayedpromisesin strict code.

2.2 Examples

The Lazy Schemelanguageis bundled as a PLT packagethat
is usedin the course.(The interestedreadercan install it from
http://csu660.barzilay.org/csu660.plt 5.) Oncethepack-
ageis installed,DrScheme's languageselectiondialog will have
a new “CSU660Lazy Scheme”entrywhich makesthede�nitions
andinteractionswindowsusethelazy language.

As a �rst example,we canentersomecodeandwitnesshow
only thepartsthatarerequiredby interactionoutputis executed.By
default, theLazy Schemelanguagelevel usesDrScheme's syntac-
tic coveragefeature,which highlightscodethat is “touched” dur-
ing evaluation.Figure2 showsaDrSchemescreenshotthatdemon-
stratessuchaninteraction6.

As this demonstrates,constructorsof lists (`cons', `list ',
`list* ') and of other objectsare properly lazy in the new lan-
guage,andaccessorsarestrict. This meansthat insteadof dealing

5 Currently, this requiresusingversion209of PLT Scheme.
6 Coverageis indicatedby colors,underlinesaddedherefor printoutclarity.



eval(N ) ! N

eval(f + E1 E2g) ! eval(E1 ) + eval(E2 )

eval(f� E1 E2g) ! eval(E1 ) � eval(E2 )

eval(f� E1 E2g) ! eval(E1 ) � eval(E2 )

eval(I d) ! error

eval(f with f x E1g E2g) ! eval(E2 [eval(E1 )=x])

eval(F ) ! F (for a functionexpressionF )

eval(f callg E1 E1 )
! eval(E f [eval(E2 )=x]) if eval(E1 ) = f funf xgE f g
! error otherwise

=)

;; eval : FWAE-> FWAE
;; Evaluates FWAEexpressions by reducing them
;; to value expressions.
(define (eval expr)

(cases expr
[(Num n) expr]
[(Add l r) (fwae-add (eval l) (eval r))]
[(Sub l r) (fwae-sub (eval l) (eval r))]
[(Mul l r) (fwae-mul (eval l) (eval r))]
[(With bound-id named-expr bound-body)
(eval (subst bound-body

bound-id
(Num (eval named-expr))))]

[(Id v) (error 'eval "free identifier: ~s" v)]
[(Fun bound-id bound-body) expr]
[(Call (Fun bound-id bound-body) arg-expr)
(eval (subst bound-body

bound-id
(eval arg-expr)))]

[(Call something arg-expr)
(error 'eval

"expected a function, got: ~s"
something)]))

Figure1. De�nition andimplementationof asimplelanguage

Figure2. Demonstratingsyntacticcoveragein LazyScheme

(define nats (cons 1 (map add1 nats)))
(define (divides? n m)

(zero? (modulo m n)))
(define (sift n l)

(filter (lambda (x) (not (divides? n x))) l))
(define (sieve l)

(cons (car l) (sieve (sift (car l) (cdr l)))))
(define (n-primes n) (take n (sieve (cdr nats))))

Figure3. Usingin�nite lists in lazyScheme

with specialnamesfor operationson streams[1, 2], we useknown
Schemenames:thelanguageis thesame,only theevaluationorder
changed.Thecodein Figure3 demonstratesusingin�nite lists in
plainSchemesyntax.

Finally, we can get back to Reynolds' observation, which is
demonstratedeffectively using our Lazy Scheme.Almost any of
the interpretersthat are implementedthroughoutthe course,e.g.,
the codein Figure1, canbe usedas is in the Lazy Schemecon-
text to yield a lazy evaluator. Re-examiningthe codein Figure1,
revealsthat thereis a little more thanplain Schemeto our inter-
preter. The`cases' expressionis a syntacticextensionthatis used

throughoutthe course,togetherwith a new `define-type ' dec-
laration.`define-type ' is usedto de�ne a type which is a dis-
joint unionof afew recordvariants,and`cases' checksthetypeof
its input anddeconstructit by pattern-matching.Together, they are
roughlyequivalentto usingtypesin a staticallytyped(functional)
languagelikeML. This functionalityis implementedby somenon-
trivial syntacticcode.It is essentialto the coursework, so it must
be presentin the Lazy Schemelanguageaswell; which is easily
achievedby usingthesamecodein thetwo contexts.Thiscon�rms
the usability of the lazy language,sinceit is usedwith codethat
implementour teachingframework.

Figure 4 shows a more sophisticatedevaluator. Once again,
this codeis valid in both languages,yielding an eageror a lazy
evaluator.

3. Implementing a Lazy Scheme
Our lazy languageimplementationreliesheavily onPLT Scheme's
modulesystem[7]. This systemprovidesa robustway of de�ning
modulesthat export both standardfunctionality andsyntaxtrans-
formations.Thecoreof thelazy languagedelaysall functionappli-
cations,andforcesargumentsto strict functions— this is a known
solutionto the off-by-oneproblemthat naive streamimplementa-
tionssuffer from (oursolutionis similarto even-stylestreams[13]).
This is implementedby thefollowing transformation:

(f x ...)
-> (� (let ([f (! f)])

(if (lazy? f) (f x ...) (f (! x) ...))))

where`� ' is `delay ' and`! ' is `force ' iteratedasmany timesas
necessaryto geta value.Therationalebehinditerating`force ' is
thatweavoid complex bookkeeping(e.g.,SRFI-40[2]) by treating
all promisesasdelayedexpressions.Actually, the SchemeReport
mentionstreating promisesas the values they encapsulateas a
viable implementationstrategy [10, Section6.4]: “It may be the
casethatthereis nomeansby whichapromisecanbeoperationally
distinguishedfrom its forcedvalue”.

Theprinciple is thereforesimple;PLT Schemehasa combina-
tion of powerful featuresthat makesit possibleto implementthis
lazy languagein a way that cooperateswith the environment,so
that strict andlazy codecanbe combinedvia the modulesystem.



(define-type FLANG
[Num (n number?)]
[Add (lhs FLANG?)(rhs FLANG?)]
[Sub (lhs FLANG?)(rhs FLANG?)]
[Mul (lhs FLANG?)(rhs FLANG?)]
[Div (lhs FLANG?)(rhs FLANG?)]
[Id (name symbol?)]
[With (name symbol?) (named FLANG?)(body FLANG?)]
[Fun (name symbol?) (body FLANG?)]
[Call (fun-expr FLANG?)(arg-expr FLANG?)])

;; eval : FLANGenv -> VAL
;; evaluates FLANGexpressions by reducing them to values
(define (eval expr env)

(cases expr
[(Num n) (NumVn)]
[(Add l r) (arith-op + (eval l env) (eval r env))]
[(Sub l r) (arith-op - (eval l env) (eval r env))]
[(Mul l r) (arith-op * (eval l env) (eval r env))]
[(Div l r) (arith-op / (eval l env) (eval r env))]
[(With bound-id named-expr bound-body)
(eval bound-body

(Extend bound-id (eval named-expr env) env))]
[(Id v) (lookup v env)]
[(Fun bound-id bound-body)
(FunV (lambda (arg-val)

(eval bound-body
(Extend bound-id arg-val env))))]

[(Call fun-expr arg-expr)
(let ([fval (eval fun-expr env)])

(cases fval
[(FunV proc) (proc (eval arg-expr env))]
[else (error 'eval

"expected a function, got: � s"
fval)]))]))

Figure 4. Partsof anevaluatorcodethatcanbeusedasis in both
strict andlazyScheme

Thefollowing is a list of thesefeaturesandhow they contributeto
theimplementation.TheMzSchemelanguagemanual[6] describes
thesefeaturesin detail.

Primiti veapplication syntax: The transformationthat we useis
neededfor all functionapplicationforms.In mostSchemeim-
plementations,this requiresimplementinga code-walker that
canidentify andignorespecialformsandmacrosandis ableto
dealwith codethatis generatedby macros.
In PLT Scheme,however, all functionapplicationsare�rst ex-
pandedasusesof thespecial̀ #%app' syntax[6, Section12.5].
Furthermore,it is possibleto createa new `languagemodule'
thatcanprovide its own versionof Schemeprimitives,includ-
ing the `#%app' syntax.Our lazy languagemoduleusesthis
to implementthetransformationof applicationforms.Figure5
shows the relevant part of the (simpli�ed) code that imple-
mentsthenew `#%app' aswell asa new `apply ' function(the
`provide ' form is in charge of exporting a `mzscheme'-lik e
language,exceptfor new versionsof `#%app' and`apply ').
Note also that `! ' is a function in the strict implementation,
but it mustbe treatedasa specialform whenit is usedin the
resultinglazylanguageor it will getdelayedlikeotherfunctions
— strictnessin a lazy languagemustbeaspecialform [4].

Applicable records: For the implementationof our transforma-
tion we needto determinewhena function is lazy. Obviously,
knownbuilt-in constructorslike`cons' and`list ' arelazy, and
non-constructorprimitivesarestrict.But wecannotassumethat
all non-built-in functionsarelazyor wewouldnotbeableto use
Schemefunctionsfrom conventionalmodulesimportedasstrict
functionality.
The solution exercisesPLT Scheme's ability to de�ne new
recordtypes(`structs') that canbe appliedas functions.This

(module lazy mzscheme
(define-syntax (� app stx)

(syntax-case stx (!)
;; do not treat this as normal applications
[(_ ! x) (syntax/loc stx (! x))]
[(_ f x ...)
(with-syntax

([(y ...) (generate-temporaries #'(x ...))])
(� (let ([p (! f)] [y x] ...)

(if (lazy? p) (p y ...) (p (! y) ...)))))]))
(define (� apply f . xs)

(let ([f (! f)] [xs (!list (apply list* xs))])
(apply f (if (lazy? f) xs (map ! xs)))))

(provide (all-from-except mzscheme#%appapply)
(rename � app #%app)
(rename � apply apply)))

Figure5. Implementinglazy functionapplications

canbeusedto annotatefunctionvalueswith sourcecode,doc-
umentation,etc. We rede�ne `lambda' so it generatessuch
taggedfunctions,makingit possibleto know whena function
valuewasgeneratedby lazy code.Checkingfor lazy functions
is now simple:thosethataretaggedaslazy cover user-de�ned
codeandbuilt-in constructors(whicharere-providedastagged
values),recordconstructorsarealsoconsideredlazy. All other
functionsarestrict.

Technicalities: Therearea few user-interactiontechnicalitiesthat
are speci�c for PLT Scheme.For example,settinga custom
printer that forces(nested)evaluationresultsratherthanhave
usersforcevaluesthey wantto see.

Module systemand syntax transformers: Finally, it is worth re-
peatingthat the resultingmodulecooperateswith the rest of
PLT Scheme— bindingsfrom the two languagesarenot con-
fused,and programscan be madeof modulesof both kinds
without problems;many DrSchemetools “just work”. Specif-
ically, separatecompilationworksasexpectedevenwhenmod-
ulesaredevelopedseparatelyandlater combinedaspartsof a
singleapplication.This is agooddemonstrationof thepowerof
thePLT Schememodulesystem[7].

4. Conclusion
Ourwork demonstratestwo things.First,thatPLT Scheme'ssyntax
and module systemsmake it possibleto add such fundamental
featuresas lazinessto an existing languagein a transparentand
high-level way. Second,that such an extensionhas the crucial
advantagethat it inherits a wealth of libraries and environment
tools.

As a resultof thesedevelopments,it is now possibleto show
studentsin aprogramminglanguagescoursethedifferencebetween
strictandlazy languagesin isolation.Thatis, studentscancompare
strict andlazy evaluationsof thesameprogramtext. Furthermore,
they cando sowithout giving up existing libraries,or their current
setof tools.
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